In this article, a hybrid photovoltaic-thermal (PV/T) module generating both electrical and thermal energy simultaneously has been used in a closed-cycle system to provide regeneration heat via a dynamic solar radiation model as well as electrical power relative to location, time of the day and day of the month. Electrical power generated drives the air fan, water and solution pumps, while the thermal component is used for desiccant's regeneration. This combination enhances energy efficiency of the air conditioning system. A simplified analytical model of the complex occurrence of coupled heat and mass transmission phenomenon in liquid desiccant regeneration system powered by a hybrid PV/T module is developed. The interfacial air-desiccant interaction in a structured packing vertical column using lithium bromide solution and Mellapak was analysed. The resulting differential equations are solved simultaneously using separative evaluation and step-by-step iterative procedure. The system's performance was projected with regeneration effectiveness, subject to varying temperatures of air and desiccant solution, moisture content and mass flow rate. It was established that subject to the prevailing local weather conditions, the PV/T module significantly raised desiccant temperature to a high of 67.22°C good enough for the regeneration process. The regeneration rate and effectiveness improved with upsurge in mass flow rate but reduces with a rise in humidity ratio. The optimum flow mix for effective regeneration was therefore established to be 0.847 and 0.00331 kg/min for air and desiccant solution, respectively, for maximum effectiveness of 69.3%. The liquid desiccant solution concentration increased by 30% during when solar radiation peak hours. The obtained theoretical outcomes matched with experimental results from the available literature show a permissible discrepancy of within ±20%, largely due to the fact that the simulation parameters were not the same as the prevailing experimental conditions.
INTRODUCTION
The urgent need for energy efficiency coupled with environmental consciousness in air conditioning systems has in the recent decade, drawn attention towards liquid desiccant dehumidification and regeneration. As an innovative substitute technology to conventional vapour-compression systems, liquid desiccant air conditioning systems (LDACS) have currently gained prominence in both domestic and industrial applications due to its ability to use low-grade industrial waste heat as well as renewable sources like solar energy. The inception of solarpowered LDAC system dates back to 1980s, pioneered by Lof et al. [1] . Since then, the popularity of solar-powered LDACS has stepped up 3-fold with numerous advances made with emphasis in feasibility, use, energy intake and economic analysis [2] . Solar-powered desiccant schemes are categorized as closedor open-loop configurations. A chilling unit is built in a closedloop system utilizing water as a heat transfer medium to the desiccant. On the other hand, water is supplied from external source in an open cycle and is used as the refrigeration agent, hence replacing the need for energy-intensive condenser [3] .
The advances of the LDAC technology was demonstrated in the experimental study by Gommed and Grossman [4] on the use of solar energy in liquid desiccant dehumidification and cooling. On the feasibility and economic analysis of solar application in LDAC systems, Li and Yang [5] and Halliday et al. [6] presented an open-cycle dehumidification in Hong Kong and UK environments, respectively. More recently, Aly et al. [3] used Matlab to simulate an open-cycle solar-powered, twodesiccant system. Closed-cycle systems of solar-powered desiccant regeneration are not so common and have very limited literature. In addition, the application of a hybrid photovoltaic and thermal (PV/T) module brings a new dimension to this technology. Direct solution regeneration through a solar collector in which the desiccant solution is the heat collecting medium has been demonstrated to be more effective compared to indirect systems [7] .
This article presents a simplified theoretical breakdown of interfacial heat and mass transfer characteristics of an autonomous and self-sustainable liquid desiccant regenerator powered by PV/T collector in a closed loop through computer modelling. The theoretical models for solar radiation, solution side mass transfer, heat transfer as well as the pressure drop on the airside are developed and used to establish the influence of inlet properties of both air and desiccant solution on the regenerator effectiveness (e.g. temperatures, humidity ratio and mass flow rate) for near-zero carry-overs.
LDAC SYSTEM
A graphic illustration of a typical hybrid solar PV/T-powered LDAC system considered for this analysis is presented in Figure 1 . The arrangement is made up of three major units; the dehumidifier within which strong desiccant solution is spewed from the top of a packed vertical column, while air blown from the bottom mixes with the desiccant crystals in a counterflow pattern. Strong/concentrated desiccant solution absorbs water vapour from humid air as they come into contact.
The regenerator functions in a similar manner as the dehumidifier except for heated dilute solution crystals flowing from the topside of a packed-bed vertical column where a counterflow interaction is initiated with stream of air from the bottom. The interaction results in evaporation of water molecules leaving in a strong desiccant liquid at near-initial concentration ready for recirculation in the dehumidifier.
The third unit is the hybrid PV/T collector in which both electrical power and thermal energy are generated subject to prevailing solar radiation. The PV unit converts solar radiation into electrical energy used to drive the air fans and solution pumps, while residual heat energy is absorbed and transferred to the weak/dilute desiccant solution circulating through the tubes attached to the absorber plate. The solution leaves the collector at raised temperatures. At this state, it becomes difficult to hold water vapour and is pumped to the regeneration column. Theoretical analysis was only limited to the solar radiation and interfacial interaction amongst the liquid desiccant and air in the regeneration process. The interactions in dehumidification process were not considered in this study but provided merely for easy understanding and completeness of the concept.
PERFORMANCE ANALYSIS
The performance index used for regenerator analysis was the specific effectiveness (ε r ) defined as:
where ω i , ω o and ω e are air humidity ratios at inlet, outlet and equilibrium settings, respectively. Equilibrium air humidity ratio was evaluated in terms of atmospheric, p a and partial vapour p d pressures of air and bulk fluid, respectively, using the following relationship.
According to Montieth and Unsworth [8] , partial vapour pressure was further given by Teten's equation as follows:
where T is the temperature of desiccant solution.
Solar energy model
The surface total incident solar radiation G T was evaluated with respect to time and day of the year and location as a function of direct, diffuse and reflected beam radiation. The relationship adopted from the study of Aly et al. [3] is applied, thus,
where G b is the horizontal surface beam radiation, R b is the beam radiation tilt factor, G d is the diffuse sky radiation, φ is the surface tilt angle taken to be 35°, while Υ g is the ground reflectance whose value depends on the surface texture. C is the diffuse radiation factor determined by Becker [9] as follows:
where n is the number of ith days during the year under consideration.
The expression for beam radiation on horizontal surface G b was established as
where Φ is the solar altitude angle and G bn is the incident beam radiation normal to the module surface on a clear day computed as a function of the solar altitude angle using the following expression: 
The altitude angle Φ was evaluated in terms of the latitude L, hour and declination angles all in a simplified expression as follows:
360/365 248 The ± implies negative and positive values of the hour angle in the morning and afternoon, respectively, while Γ is the quantity of time in minutes, before or after confined solar noon at a particular time in consideration.
As defined in [3] , the beam radiation tilt factor was formulated as the ratio of sunbeam heat on slanted and flat surfaces respectively. This relationship was further simplified and expressed as:
Since the main focus of this analysis was on the thermal energy component generated by the PV/T collector, the electrical energy element has not been detailed. Hence, from the total solar radiation on the collector surface, the overall heat energy available to the solution in the collector was expressed as follows:
where ρ τ , , and α are the reflectance, transmittance and absorptance of the collector glazing and PV cells attached directly to the absorber plate, respectively. η el represents the PV/T module electrical efficiency. Therefore, taking heat energy balance for the hybrid PV/T collector, an expression was then derived as follows:
whereṁ a andṁ d are air and desiccant mass flow rates, respectively, in kg/s; h a and h d are air-and desiccant-specific enthalpies, respectively, in J/kg; m is the quantity of water evaporated in kg; h fg is the hidden heat of vaporization of water in J/kg, U L is the overall heat loss coefficient in W/m 2 K, T d and T amb are the desiccant and ambient temperatures, respectively, in°C.
Likewise, the air stream energy equilibrium entering the regenerator was also derived as follows:
where ϑ a and ϑ d are the heat transfer coefficients of air and desiccant, respectively.
Mass transfer
Considering a unit volume and cross section of a counterflow packed column differential segment presented in Figure 2 , heat and mass exchange process occurring at the air-desiccant solution interface can theoretically be analysed based on the derivations of [2] , [10] , and [11] . The regeneration process was considered adiabatic and hence, negligible liquid-phase heat flow resistance was experienced. Taking both heat and mass transfer to happen in crosswise directions of air-desiccant flow on a uniform area throughout the interface, correlations and differential equations were derived Interfacial heat and mass transfer analysis in solar-powered, packed-bed adiabatic liquid desiccant regeneration and solved by separative evaluation and step-by-step iterative methods.
The desiccant-specific enthalpy was expressed as the sum of solution's weakening heat ΔQ sol at set point T ref and heat gain as follows:
where C p d
, represents desiccant-specific heat capacity at T°C. On the other hand, specific enthalpy of air was formulated as:
where ω is the humidity ratio, C p a , and C p w , are specific of dry air and water, respectively, while Q w ref ,
is the latent heat of water at reference temperature T ref .
From the principle of conservation of mass, the correlation for water vapour content was derived as a function of air-and liquid-phase-specific mass flow ratesṁ a andṁ d , respectively, expressed as:
Airside
The interfacial mass transfer is expressed as a function of molecular mass M w and specific molar flow rate N w of water formulated by Babakhani and Soleymani [12] as:
The airside humidity ratio was formulated by further simplifying (17) to yield a rudimentary differential equation for as follows:
where β is the moisture content in air and subscript i denotes initial conditions,ã is the exact active interfacial contact area in m 2 /m 3 of packed-bed capacity which is dependent on the stuffing arrangement and operating environments given for structured packing as:
where a n is the packing material's exact surface area for each single element volume, while d p is the equivalent diameter of channel, θ is the angle of inclination of packing channels, ξ represents the hollow part of dry packing and ϕ t is the total liquid hold up. The air mass transfer coefficient ϑ a is in direct proportionality to the air mean partial pressure P , m a , but inversely proportional to the product of temperature and universal gas constant RT . Considering this relationship, a mathematical expression of mass transfer coefficient was developed, thus,
The constant of proportionality is the gas-phase mass transfer coefficient τ a which depends on Reynold's Re and Prandlt Pr numbers for air as was formulated by Fair and Bravo [13] for structured packing and thus,
where d p is the equivalent packing channel diameter and ∂ a is the airside molecular diffusivity. Reynoldsnumber is given by:
where ν a and ν d are the superficial velocities of air and desiccant, respectively, ϕ t is the total liquid residence on packing surface, while θ denotes the inclination angle of packing channel from the vertical axis.
From [14] , we obtain an expression for total liquid hold up ϕ t for Mellapack structured packing as follows: where μ d and μ w are viscosities for desiccant fluid and water, respectively.
Solution side
Considering the desiccant solution side, the interfacial mass transfer was found by the following correlation:
where ψ and ψ i are the solution's bulk and interfacial preoccupation in water, while ϑ d is the desiccant solution's mass transfer factor given as:
where ψ̃is the mean solution's molar salt preoccupation,M d is the desiccant's mean molar mass and ϱ d is mass transfer factor in liquid phase in structured packing derived from the study of Fair and Bravo [13] as a function of molecular diffusivity of the desiccant fluid ∂ d given by:
For equilibrium conditions, the exact airside interfacial mass transfers must be equal to those of desiccant side, therefore, taking the mass balance at the interface, the airside interfacial molar mass strength in water β i was found by:
This Equation (27) was then solved concurrently with airdesiccant equilibrium equation by an iterative procedure while taking the molar mass concentration β as dependent on the humidity ratio given by the expression:
w a
Heat transfer
The coupled nature of heat and mass transfer processes confirms they happen simultaneously. However, for ease of understanding, analysis of heat transfer was performed separately on the respective phases of air and liquid. The simultaneous airside interfacial sensible heat flow q a was formulated as a function of bulk air and interfacial temperatures T a and T i , respectively, by taking the thermal energy balance on the airside:
where σ́ã a is the simultaneous heat transfer factor for air obtained from Ackermann correction in [15] and given as: where α a denotes the airside heat transfer factor which was formulated for structured packing as:
where k a is the airside thermal conductivity. Therefore, taking the thermal energy balance on the airside, we obtained
But the enthalpy of air was taken to vary across the differential element according to the following expression. Considering (34) and (35), a differential equation for air temperature was generated, thus,
And the overall heat stability of the differential control element within the packed unit was then formulated as:
Substituting (14) and (35) into (37), we get:
From the previous study of Oyieke and Inambao [17] , it was shown that the electrical efficiency of the PV/T module increased when a working fluid flow through and carried away residual heat. Based on this previous knowledge, apart from heating the desiccant solution, the PV/T efficiency was also kept to near maximum. Different desiccant flow rates were considered in regeneration performance evaluation. For this analysis to happen, the air flow rate m a was kept at an optimum constant value of 5.082 kg/min while varying the desiccant flow rate m d . Since the mass transfer ability of desiccant solution is in direct proportionality to the water evaporation rate along the regenerator height, the mass transfer coefficient was unchanged during the iteration.
The air and desiccant temperature profiles at the regenerator entry and exit were plotted as shown in Figure 4 , and left at elevated temperature T o a , signifying a gain due to the heat transfer occurrence. During 24-h day, regeneration process only occurred between 6:00 h and 18:00 h, which corresponded to the sunrise and sunset times. Outside the range of these hours, the vessel operated as a dehumidifier whose performance is not included in this work.
Influence of mass flow rates on regeneration effectiveness
To evaluate the influence of air mass flow rates on regenerator effectiveness, a plot is presented in Figure 5 The regeneration process occurred with the air flow rates ranging from 0.065 to 0.095 kg/min. A general observation was that effectiveness improved with the upsurge of mass flow rate. However, maximum effectiveness of 69.3% was achieved at a corresponding air flow rate of 0.0847 kg/min, beyond this value, the effectiveness begun to drop due the system's reliance on the solar energy. The maximum effectiveness was noted to occur at solar noon which on this day was seen to be at 12:30 h.
Similarly, the variation of desiccant solution's flow rate against regeneration effectiveness was plotted as shown in Figure 6 . The effectiveness improved proportionally with desiccant flow rate like in previous case, but the maximum effectiveness was attained at a solution flow rate of 0.00331 kg/min which was below that of air. The regeneration process was observed to occur between flow rate ranges of 0.1665-0.2262 kg/min.
From these two scenarios, it was observed that maximum effectiveness was achieved at air and desiccant flow rates of 0.847 and 0.00331 kg/min, respectively. These values were taken as the optimum flow mix for effective regeneration performance of the unit. Any other values outside this combination demonstrated desiccant fluid carryover to the process air. The outlet solution concentration at this point is 82%, which is near the initial concentration, hence the confirmation of a regeneration process.
The relationship between regenerator effectiveness and mass flow rate ratiȯṁ m / d a is shown in Figure 7 . The effectiveness reduced with an increase in mass flow rate ratio as depicted by the negative gradient of up to 20.64. Lowṁ d and highṁ a resulted in a low flow rate ratio, which in turn gave higher regenerator effectiveness. On the other hand, higheṙ m d and lowṁ a gave a higher flow rate ratio, which results in reduced effectiveness. Since the simulation was conducted at varying flow rates of desiccant and air at an alternating pattern, i.e. reducing one and increasing the other and vice versa, the individual instantaneous flow rate ratios appeared to be scattered but suggested a reducing trend. Therefore, it was logically concluded that for effective desiccant regeneration, the solution flow rate must be lower than the air flow rate at any instant.
Effect of mass flow rates on the mass transfer coefficient
The mass transfer coefficient values were calculated by an iterative procedure and the results provided in this section. As can be observed in Figure 8 , the variation of overall mass transfer factor with regards to alteration of air mass flow rate was plotted. An improvement of air the mass flow rate triggered an exponential growth in overall mass transfer coefficient over the regeneration period. When air mass flow rate increased over a span of 2-6 kg/min, a corresponding increase of between 2.4 and 9.8 kg/m 2 in mass transfer coefficient was observed. Similar exponential increment of mass transfer coeffcient was realized as a result of the rise in desiccant flow rate as presented in Figure 9 . When desiccant solution's flow rate varies between the range of 0.1 and 0.25 kg/min, mass transfer factor improves from 2.18 to 9.0 kg/m 2 . This steep alteration in mass transfer factor is because of rapid rate desiccant crystallization, thus increasing the air-desiccant interfacial surface area for mass transfer.
The variation of solution concentration during the active regeneration period is shown in Figure 10 . The liquid desiccant sollution at the initial concentration level of 50% was monitored during the solar peak hours from 10.00 to 15.00 h when solar radiation was at its highest. The final concentration achieved was 82%, this showed an increase of 30%. A corresponding escalation of the relative mass of water vapour per kilogram of solution of the same proportion was also realized.
However, with respect to the mass flow rate ratio, it was observed that there was an uphazard distribution with a slight reduction in concentration with an increase in the mass flow rate ratio as depicted in Figure 11 . Generally, for the individual flow rates of air and desiccant, there was a negligible change in concentration with higher desiccant flow rates, while significant increase was seen with an increase in air flow rates.
Assessment of predicted and experimental outcomes
The average relative deviation between investigational and hypothetical outcomes are evaluated based on average deviation, Equation (40). It was realized from the existing literature that the application of PV/T in air conditioning was not a common phenomenon and had virtually not been documented prior to this study. Hence, to check the trend of some selected parameters, existing experimental results by Zhang et al. [18] were used for validation. The comparison of heat transfer coefficients predicted in this article and experimental values showed an average deviation within the range of ±20% as shown in Figure 12 . This deviation is largely due to the fact that the simulation parameters were not the same as the prevailing experimental conditions. However, better results would be 
CONCLUSION
This article has dealt with a theoretical analysis of desiccant regeneration system powered by solar energy via a hybrid PV/ T. From the air and desiccant temperature profiles at entry and exit of the regenerator, the highest inlet temperature attained was 67.22 o C with a corresponding outlet temperature of 36.14 o C. This difference demonstrated that PV/T module could significantly raise desiccant temperature to required levels for regeneration process. The regenerator effectiveness improved proportionally with air and desiccant mass flow rates. However, the maximum effectiveness of 69.3% was achieved at a corresponding air flow rate of 0.0847 kg/min, beyond this value, the effectiveness begun to drop due the system's reliance on the solar energy. The optimum flow mix for effective regeneration was therefore established to be 0.847 and 0.00331 kg/min for air and desiccant solution, respectively. The liquid desiccant solution increased by 30% during peak hours when solar radiation was at its maximum. The final concentration achieved was 82%. Increase in air and desiccant mass flow rates caused an exponential increase in the overall mass transfer coefficient over the regeneration period.
The comparison of heat transfer coefficients predicted in this article and experimental values showed an average deviation within the range of ±20%. This deviation is largely due to the fact that the simulation parameters were not the same as the prevailing experimental conditions. However, better results would be envisaged if experimental data for PV/T existed in the same location considered for the simulation. 
